Neuronal nitric-oxide synthase (NOS-1) is a hemeprotein that generates NO and citrulline from L-arginine, O 2 , and NADPH. During catalysis, a majority of NOS-1 binds self-generated NO and converts to a ferrous-NO complex, which causes it to operate at a fraction of its maximum possible activity during the steady state 40 M, saturation at ϳ100 M). In the presence of L-arginine, the rates of NO synthesis and NADPH oxidation were proportional to the O 2 concentration over a much broader range (estimated K m O 2 ϳ400 M, saturation at ϳ800 M), indicating that ferrous-NO complex formation altered the O 2 response of NOS-1. Stopped-flow experiments revealed that the rate of ferrous-NO complex formation was relatively independent of the O 2 concentration between 100 and 700 M, while the rate of complex breakdown was directly proportional to O 2 concentration. We conclude that the O 2 sensitivity of the ferrous-NO complex governs the O 2 response of NOS-1 and thus its activity during the steady state. This enables NOS-1 to couple its rate of NO synthesis to the O 2 concentration throughout the physiologic range.
Neuronal nitric-oxide synthase (NOS-1) 1 is one of three NO synthase isoforms found in animals (1, 2) . It generates NO in response to calmodulin (CaM) binding, which is triggered by temporal increases in intracellular Ca 2ϩ (3) . Biological roles for NOS-1/NO are widespread and include neurotransmission, synaptic plasticity, peristalsis, neurodegenerative disease, and excitotoxicity (4, 5) . The discovery that NOS-1 is expressed in alternative forms and can associate with membrane locator proteins in neurons and skeletal muscle suggest new roles for the enzyme may be forthcoming (6) .
NOS-1 generates NO by catalyzing a two-step oxidation of L-arginine, utilizing NADPH and O 2 as cosubstrates (reviewed in Ref. 7) . The NOS-1 flavins accept electrons from NADPH and upon CaM binding can transfer them to the heme iron (8) , which enables the heme iron to bind O 2 and catalyze the oxidation of L-arginine ( Fig. 1, path A) . In the absence of Larginine, the NADPH-dependent reduction of the NOS-1 heme iron can still occur (8) , but leads simply to superoxide formation (9, 10) instead of NO synthesis ( Fig. 1, path C) . When NOS-1 initiates NO synthesis under normal aerobic conditions, a majority of its heme iron quickly binds self-generated NO to form an inactive ferrous-NO complex (11) (Fig. 1, path B) . Although the ferrous-NO complex is stable in an inert atmosphere (12) , it decomposes in the presence of O 2 to form ferric NOS-1 ( Fig. 1 , path B), and this reaction enables NOS-1 to rejoin the productive cycle. However, the rates of complex formation and decay differ such that between ϳ70 and 90% of the total NOS-1 exists as a ferrous-NO complex during steady state NO synthesis (11) . Importantly, complex formation is insensitive to cellular constituents such as tetrahydrobiopterin or to NO scavengers like superoxide and oxyhemoglobin, suggesting that its formation involves a reaction between the heme iron and NO that has not left the enzyme's active site (11) . Thus, ferrous-NO complex formation may be an intrinsic component of catalysis that causes NOS-1 to operate at only a fraction of its maximal activity during the steady state.
To understand why NOS-1 evolved to function this way and to further evaluate the model presented in Fig. 1 , we examined the O 2 dependence of NOS-1 regarding NO synthesis and superoxide formation (paths A versus C in Fig. 1 ). As noted above, CaM-bound NOS-1 will oxidize NADPH and consume O 2 whether or not its substrate L-arginine is present. However, while NO synthesis and superoxide production both involve O 2 binding to the ferrous heme iron, only NO synthesis additionally involves O 2 -dependent breakdown of the ferrous-NO complex as part of its catalytic cycle (see Fig. 1 ). Based on this work and subsequent stopped-flow studies, we conclude that the O 2 sensitivity of the ferrous-NO complex governs NOS-1's overall O 2 response, and this enables NOS-1 to generate NO in proportion to the O 2 concentration throughout the physiologic range (0 -250 M) (13).
EXPERIMENTAL PROCEDURES
Materials-Chemicals were obtained from Sigma or from sources previously reported (8, 11) . Rat NOS-1 was purified to homogeneity from stably transfected R293 kidney cells as described (8, 11) , 0.9 mM EDTA, 1 mM dithiothreitol, 4 M tetrahydrobiopterin, and 1 mM L-arginine was made anaerobic or air-saturated (at 25°C) and was rapid-mixed with a similar air-or O 2 -saturated solution that also contained 40 M NADPH and omitted NOS-1, Ca 2ϩ , EDTA, and CaM. The two solutions were allowed to cool to 15°C in syringes housed in the stopped-flow instrument (closed to the atmosphere) prior to mixing. The build-up and decay of the NOS-1 ferrous-NO complex was monitored at its absorbance maximum (436 nm) (11), while NADPH oxidation was monitored at 340 nm. Based on the amount of NADPH provided and a stoichiometry of 1.5 NADPH and 2 O 2 utilized per NO formed from L-arginine (7, 14) , we calculate NO synthesis by NOS-1 consumed approximately 26 M O 2 in each experiment. Absorbance change associated with its ferrous-NO complex and initial formation of the decay were fit to a single exponential equation by use of a nonlinear leastsquares method provided by the instrument manufacturer. The percentage of NOS-1 present as a ferrous-NO complex during the steady state was estimated by the absorbance change obtained at 436 nm and an estimated extinction coefficient of 48,200 M Ϫ1 cm Ϫ1 for the ferrous-NO complex of NOS-1 (11) . The data represent the average of 5 to 10 individual trials at each O 2 concentration.
Computer Simulation-The simulations were carried out as in Ref. 11 by solving the simultaneous rate equations for the population of each intermediate iteratively. The rate constants used in the simulations were either inferred or derived from measurements as reported in Ref. 11 .
RESULTS
We first examined NOS-1 activity versus O 2 concentration by measuring initial rates of NO synthesis by the oxyhemoglobin capture method (Fig. 2A) To determine if NO synthesis has a role in modulating the O 2 response of NOS-1 in our system, we compared the enzyme's activity versus O 2 response in the presence or absence of NO synthesis (i.e. ϮL-arginine), using the rate of NADPH oxidation as a common marker for enzyme activity in both cases. In the absence of NO synthesis, the rate of NADPH oxidation versus O 2 concentration curve for CaM-bound NOS-1 should simply reflect the affinity of the enzyme's ferrous heme iron for O 2 (11) . Indeed, the rate of NADPH oxidation by NOS-1 approached a maximum at relatively low O 2 concentrations in the absence of NO synthesis (Fig. 2B, open circles) , giving an estimated K m O 2 of 38 M, which approaches the K m O 2 values for the related hemeproteins noted above. In contrast, measurements taken when NOS-1 NADPH oxidation was coupled to NO synthesis from L-arginine (Fig. 2B, closed symbols) gave an O 2 response curve and an apparent K m O 2 for NADPH oxidation (ϳ350 M) that were essentially identical to the results we obtained when monitoring enzyme activity by NO synthesis (Fig. 2A) . We conclude that the intrinsic affinity of the NOS-1 ferrous heme iron for O 2 is relatively high and similar to other hemeproteins, but NO synthesis somehow markedly attenuates the overall O 2 response of NOS-1.
To investigate the mechanism by which NO exerts its effect, we utilized stopped-flow spectroscopy to examine the buildup and decay of the NOS-1 ferrous-NO complex and the rate of NADPH oxidation during NO synthesis at three different O 2 concentrations (130, 600, and 760 M). 
FIG. 2. Activity versus O 2 concentration for NOS-1 as measured by the initial rate of NO synthesis (A) or NADPH oxidation (B).
NADPH oxidation by NOS-1 was determined in reactions where Larginine was either included (q) or omitted (E), which enabled NOS-1 to oxidize NADPH either in conjunction with or in the absence of NO synthesis, respectively. The values shown are the average of duplicate measurements taken from two separate experiments.
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tant) and thus generated an identical amount of NO. As shown in Fig. 3 , we observed a rapid build-up of the ferrous-NO complex at all three O 2 concentrations, followed by a steady state in which the amount of complex remained relatively constant, and finally a decay of the complex after NOS-1 had oxidized all of the available NADPH. In general, complex formation and decay were identical to that previously observed during NO synthesis by NOS-1 (11) . However, it is evident that as the O 2 concentration increased there was an increase in the rate of NADPH oxidation and decrease in the duration of the steady state, consistent with an increased rate of NO synthesis by NOS-1 (see Fig. 2 ). The rate of ferrous-NO complex decay also increased with O 2 concentration (see Fig. 3 legend for values). In contrast to the O 2 sensitivity of these parameters, the initial rate of ferrous-NO complex formation remained relatively constant at the three O 2 concentrations tested (12.8 Ϯ 1.8 s
Ϫ1
), as did the percentage of NOS-1 estimated to be present as a ferrous-NO complex during the steady state (81 Ϯ 5%). Plotting the rates of ferrous-NO complex decay that we obtained at four different O 2 concentrations reveals that the O 2 concentration response for the decay reaction (Fig. 4A ) approximately matches the O 2 response for NOS-1 activity as judged by the duration of complex formation (Fig. 4B ) and is consistent with the rates of NO synthesis and NADPH oxidation increasing over this O 2 concentration range (Fig. 2) . This suggests that the O 2 -dependent destruction of the ferrous-NO complex is rate-limiting for NO synthesis during the steady state.
To further investigate how changes in NO complex decay rate would affect NOS-1 activity, we performed computer simulations of the reaction shown in Fig. 1 , using methods and kinetic constants as described previously (11) and decay rates for the ferrous-NO complex that were obtained at two O 2 concentrations in the present study. Fig. 5 shows that an increase in decay rate led to a proportional decrease in duration of the steady state and an increase in NOS-1 activity (NO synthesis or citrulline accumulation). Also, increasing the rate of decay only slightly decreased the percentage of NOS-1 present as its ferrous-NO complex during the steady state. These simulations approximate what was observed experimentally and support a mechanism where destruction of the ferrous-NO complex is a controlling factor in NOS-1's O 2 response and activity.
DISCUSSION
Our central finding is that conversion of NOS-1 to its ferrous-NO complex enables the enzyme to generate NO in proportion to the O 2 concentration over an extremely wide range. 
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This was independently demonstrated by monitoring rates of NOS-1 NO synthesis and NADPH oxidation, or the duration of the steady state, as a function of the O 2 concentration. Decay of the ferrous-NO complex was shown to be O 2 -dependent, and our data indicate that it is the O 2 sensitivity of this reaction, rather than the intrinsic affinity of the NOS-1 heme iron for O 2 , that governs the enzyme's overall O 2 response by controlling the amount of NOS-1 that circulates through the productive catalytic pathway in unit time (see Fig. 1 ).
That the rate of ferrous-NO complex formation remained relatively unchanged at the O 2 concentrations studied (Ͼ100 M O 2 ) is consistent with all of the NOS-1 molecules initially proceeding to make the first few molecules of NO per heme (path A in Fig. 1 ). At this stage, the rates of NO synthesis and subsequent complex formation are related to the intrinsic affinity of the NOS-1 ferrous iron for O 2 , which based on Fig. 2B approaches saturation at the O 2 concentrations used in the experiments. Our observing that a similar proportion of NOS-1 exists as a ferrous-NO complex during the steady state despite changes in the initial O 2 concentration is consistent with the large difference in rates of complex formation (fast) versus breakdown (slow) at all O 2 concentrations examined. Indeed, computer simulation indicates that the 2-to 3-fold change in complex breakdown rate observed over the O 2 concentration range used only slightly (Ͻ10%) decreased the amount of NOS-1 that partitioned into a ferrous-NO complex during the steady state. Although this degree of change was below the threshold of detection in our experiments, such small decreases in ferrous-NO complex level cause significant increases in NO synthesis during the steady state.
The O 2 response for NOS-1 described in the present study differs considerably from that described by Rengasamy and Johns (15) , who reported an apparent K m O 2 of 23 M. This may be due to the different sources of enzyme (rat versus bovine NOS-1), degrees of purity (purified enzyme versus cell cytosol), specific activities (700 versus 0.2 nmol/min/mg), and measurement techniques (continuous assay of NADPH and NO synthesis versus end point citrulline assay). In support of the current findings, mouse-inducible NOS (NOS-2) forms a NO complex during catalysis and displays elevated activity when assayed in oxygenated buffer (21) . Also, NOS-1 activity in intact carotid body increased 58% when the O 2 concentration of the tissue bath was increased from 90 to 260 M (22). This latter finding implies that NOS-1 maintains a broad O 2 response even in intact tissue.
In principle, NO could form metal-nitrosyl complexes with many O 2 -binding metalloproteins and reversibly affect their O 2 activity response by mechanisms similar to that described here. This may occur for cytochrome oxidase in NO-generating cells (23) and possibly for cytochrome P-450s exposed to chemically generated NO (24) . However, the two distinguishing features of NO complex formation in NOS-1 are involvement of self-generated NO and insensitivity of the reaction toward cellular components or NO scavengers like superoxide and oxyhemoglobin (11) , which suggests that complex formation is a fundamental process of NOS-1 catalysis. Conversion to a ferrous-NO complex constrains NOS-1 to operate at only a fraction of its maximum activity under physiologic O 2 concentrations, with O 2 serving to limit NO synthesis under such circumstances. Thus, in addition to being controlled by CaM binding (3) or down-regulated by phosphorylation (25), we describe a NO-based regulatory mechanism that enables NOS-1 to instantly couple release of a diffusable signal molecule (NO) to changes in tissue oxygenation. This may provide new insight into biological roles for NOS-1, particularly in organs that experience a range of pO 2 levels or participate in O 2 sensing, such as the carotid body and lung (22, 26, 27) .
